Results of structural studies and ionic conductivity of solid solutions (ZrO 2 ) 1x (Sc 2 O 3 ) x (x = 0.08 -0.10) doped with 1 mol.% Y 2 O 3 , Yb 2 O 3 иСeO 2 are presented. Crystals were grown by directional crystallization of melt in cold container. Studies of phase compositions were carried out by means of X-ray diffraction and Raman spectroscopy. Transport properties were studied by impedance spectroscopy in the temperature range of 400-900°С. It was shown that uniform transparent single crystals were obtained only for compositions of (ZrO 2 ) 0.89 (Sc 2 O 3 ) 0.1 (Y 2 O 3 ) 0.01 and (ZrO 2 ) 0.90 (Sc 2 O 3 ) 0.09 (Yb 2 O 3 ) 0.01 . Stabilization of highly-symmetric phase in crystals codoped with Yb 2 O 3 happens for a lower concentration of Sc 2 O 3 in solid solution than for crystals co-doped with Y 2 O 3 . Co-doping by ceria did not give an opportunity to obtain the single-phase cubic solid solution. It was also shown, that the conductivity ofcrystalsdepends on the amount of Sc 2 O 3 in solid solutions. It was detected that conductivity values for tetragonal crystals at 900 o C are close and they equal to about 0.1 S/cm by the order of magnitude. Crystals with the composition of (ZrO 2 ) 0.9 (Sc 2 O 3 ) 0.09 (Yb 2 O 3 ) 0.01 have maximal conductivity in all the temperature range studied. The conductivity value of these crystals at a temperature of 900°С is comparable to the similar value for (ZrO 2 ) 0.9 (Sc 2 O 3 ) 0.1 crystals. However, unlike the (ZrO 2 ) 0.9 (Sc 2 O 3 ) 0.1 crystal containing the rhombohedral phase, the (ZrO 2 ) 0.90 (Sc 2 O 3 ) 0.09 (Yb 2 O 3 ) 0.01 sample is a single-phase pseudo-cubic.
Introduction
Solid solutions based on ZrO 2 stabilized with Sc 2 O 3 are promising materials for use as membranes in solid oxide fuel cells (SOFC).The material shows the highest ionic conductivity among solid solutions of zirconium dioxide [1] [2] [3] [4] .In practice, solid electrolytes are mainly used as gas-tight ceramic membranes manufactured using various ceramic technologies. The functional properties of these ceramic membranes CHEMICAL PROBLEMS 2019 no. 2 (17) significantly depend on their microstructure, which, in turn, is controlled by the conditions of the synthesis process. Due to the capabilities of the high-temperature melting method in a cold container [5] [6] [7] [8] , it is possible to obtain solid solutions based on zirconium dioxide (melting point ~3000°C) in the form of single crystals by the method of directional melt crystallization. This approach facilitates the growth of high density monolithic crystalline material with zero porosity and without high-angle grain boundaries.
There are two main problems that limit the practical use of solid solutions based on ZrO 2 -Sc 2 O 3 promising compounds : the existence of a phase transition of the high-temperature cubic phase to the lowtemperature rhombohedral in the temperature range of 500-600°С [1] and the conductivity deterioration over time at working temperatures [9] [10] [11] .
One can usually use additional doping of solid solutions of ZrO 2 -Sc 2 O 3 , usually by rare-earth elements oxides,to increase the stability of the properties of solid electrolytes. For example, CeO 2 [12] [13] [14] , Y 2 O 3 [10, 15] , Yb 2 O 3 [14] [15] [16] , Gd 2 O 3 [13] [14] 16] and Sm 2 O 3 [14] were used as co-doping oxides. Theresults analysis of these studies shows that the properties of the material obtained depend not only on the type and co-doping oxides concentration but also on the method of synthesis of the material.
Purpose of the manuscript
The purpose of this work is to study the effect of co-doping oxides of yttrium, ytterbium and cerium on the phase composition and transport properties of crystals of (ZrO 2 ) 1-x (Sc 2 O 3 ) x solid solutions (x = 0.08-0.10) obtained by melt crystallization. The co-doping oxides concentration was limited by 1 mol.%.
Experimental procedure
.01 (x = 0.08-0.10) solid solution single crystals were grown by directional crystallization of the melt in a water-cooled copper crucible 130 mm in diameter. ZrO 2 , Sc 2 O 3 , Y 2 O 3 , Yb 2 O 3 and CeO 2 powders of not less than 99.99 % purity grade were used as initial materials. The directional crystallization of the melt was performed by moving the crucible with the melt downward relative to the induction coil at a 10 mm/h rate.
Phase analysis was carried out using Raman scattering spectroscopy on a Renishawin Via Raman spectrometer and home made setup described elsewhere [17] [18] [19] . Phase analysis was also performed by means of X-ray diffraction (XRD) on a Bruker D8 diffractometer in СuKα-radiation with a position sensitive LYNXEYE detector, the DIFFRAC software package and PDF-2 data bank. Phase analysis and measurements of the lattice parameters were carried out on plates cut from crystals perpendicular to the <100> direction.
The ionic conductivity of the crystals was studied in the 623-1173 K temperature range with 50 K steps using a Solartron SI 1260 frequency analyzer at 1-5 MHz range and 24 mV AC amplitude signal. The measurements were carried out on crystal plates with the size of 7×7 mm 2 and a thickness of 0.5 mm with symmetrically connected platinum electrodes. Platinum electrodes were fired in the air at the temperature of 950°C. The conductivity was estimated in a measurement cell using the four-probe method in a Nabertherm(Nabertherm GmbH, Germany)high-temperature furnace. The impedance frequency spectrum was analyzed in detail using the ZView (ver. 2.8) (Scribner Associates, Inc., USA) software. The crystalsconductivity was estimated based on the resultant impedance spectra, and then the specific conductivities of the crystals were calculated. Equivalent circuits described earlier were used for the calculation of the impedance spectra [20] .
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Results and Discussion
Photos in figure 1 show the appearance of crystals of solid solutions of (ZrO 2 ) 1x (Sc 2 O 3 ) x (x = 0.08-0.10) co-doped by 1 mol% of Yb 2 O 3 (8Sc1YbSZ, 9Sc1YbSZ, 10Sc1YbSZ), 1 mol% Y 2 O 3 (8Sc1YSZ, 9Sc1YSZ, 10Sc1YSZ) and 1 mol% of CeO 2 (8Sc1CeSZ, 9Sc1CeSZ, 10Sc1CeSZ). All crystals had a columnar shape typical of this growing method. The size of the crystals in cross section was ~20 mm, length of 30-50 mm. When doping with yttrium oxide, 8Sc1YSZ crystals were almost completely non-uniform and semi-transparent, and only in the upper part of the crystal, corresponding to the end of crystallization, where some small transparent areas were present. In samples 9Sc1YSZ we observed alternation of transparent and muddy areas along with the height of the crystal. Samples 10Sc1YSZ were completely homogeneous transparent single crystals. Completely transparent single crystals with no visible defects were obtained with a higher concentration of scandium oxide in the solid solution of 10 mol%. whendoping by 1 mol% of Y 2 O 3 in contrast to crystals dopedby 1 mol% of Yb 2 O 3 .
For doping with cerium oxide in the studied range of compositions it was not possible to obtain optically homogeneous, transparent crystals (ZrO 2 ) 0.99-CHEMICAL PROBLEMS 2019 no. 2 (17)
x (Sc 2 O 3 ) x (СeO 2 ) 0.01 in contrast to crystals doped with ytterbium and yttrium oxides.The color of the crystals, doped with cerium oxide, was heterogeneous, changing from orange to dark red.The non-uniformity of the color is associated both with a change in the valence state of the cerium ion in the process of cooling the crystal after growth and with fluctuations in the concentration of the admixture of cerium oxide in the crystallization process.In the first case, the heterogeneity manifests itself in the form of a decrease in the color intensity until the appearance of colorless areas on the crystals surfaces, which is most characteristic for crystals grown closer to the periphery of the crystallized melt ingot.Such a color change indicates a decrease in the concentration of the trivalent cerium cation, which has absorption bands in the visible region and gives the crystals an orange color [21] .In the process of cooling the ingot, the Се 3+ →Се 4+ transition occurs as oxygen diffuses from the ingot periphery.Another type of color unevenness is associated with fluctuations in the concentration of cerium oxide in the process of crystallization, manifesting itself in a crystal as stripes with a color of different intensity.This is associatedwith the displacement of a cerium impurity in the process of crystallization, which has an effective distribution coefficient of less than 1 [21] . Suppression of impurities usually occurs along with the ingot height and the color intensity gradually increases by the end of crystallization.A local increase in the concentration of cerium oxide in the form of individual stripes with an increased color intensity is associated with a disturbance of normal crystallization due to concentration supercooling at the crystallization front, which leads to rapid crystallization of the area enriched by the suppressed impurity. Thus, at comparable concentrations of scandium oxide and co-doping oxide in solid solutions, the appearance of crystals strongly depends on the type of co-doping oxide. Among the grown crystals, transparent and homogeneous single crystals were obtained only for compositions 9Sc1YbSZ and 10Sc1YSZ. Table 1 shows the phase composition and lattice parameters of the grown crystals according to X-ray diffraction data. For comparison, the data for (ZrO 2 ) 1-x (Sc 2 O 3 ) x crystals (x = 0.08-0.10) are also given.
According to the data obtained by Xray diffraction, the co-doping of an 8ScSZ crystal with ytterbium and cerium oxides does not change the phase composition. In the 8Sc1YbSZ and 8Sc1CeSZ crystals, there is only a tetragonal ZrO 2 modification, as well as in the 8ScSZ crystal, but there is a change in the parameters of the crystal structure expressed in an increase in the lattice parameter -a‖ and a decrease in the parameter -c‖.The degree of tetragonality in 8Sc1YbSZ and 8Sc1CeSZ crystals is less than in 8ScSZ crystals. Crystals of 8Sc1YSZ, co-doped with yttrium oxide, were biphasic, and the tetragonal and cubic phases were present in them. The cubic phase in 8Sс1YSZ samples was observed only in separate transparent parts of the crystal, corresponding to the end of the melt crystallization.In the main volume of the 8Sc1YSZ crystal, there was a tetragonal phase of zirconium dioxide with a lower degree of tetragonality than the crystals of 8ScSZ. It should be noted that only doping of 8ScSZ with yttrium oxide leads to the appearance of a cubic phase in these crystals. In this case, the lattice parameters of the tetragonal phase of 8ScSZ crystals when doped with yttrium oxide vary less significantly in comparison to the parameters of the tetragonal phase of 8Sc1YbSZ and 8Sc1CeSZ crystals.
The introduction of 1 mol% of Yb 2 O 3 into the tetragonal crystal 9ScSZ leads to the stabilization of the cubic phase in the entire crystal volume. According to X-ray diffraction data, 9Sс1YbSZ crystal is a single-phase single crystal with a cubic fluorite structure. The 9Sc1YSZ and 9Sc1CeSZ crystals are biphasic; they are a mixture of regions with a cubic and tetragonal structure. Thus, codoping of solid solutions of 9ScSZ by 1 mol% of Y 2 O 3 or CeO 2 leads to the formation of only separate regions of the cubic phase in the bulk of the crystals.
The phase composition of 10ScSZ, 10Sc1YbSZ and 10Sc1CeSZ crystals is a mixture of regions with cubic and rhombohedral phases. Co-doping of 10ScSZ crystals with ytterbium and cerium oxides did not lead to a change in the phase composition and stabilization of the cubic phase. Only the introduction of yttrium oxide into the composition of the 10ScSZ solid solution gave an opportunity to obtain single-phase cubic single crystals.
Thus, the additional doping of solid solutions (ZrO 2 ) 1-x (Sc 2 O 3 ) x , where (x = 0.08 -0.10) by 1 mol% of ytterbium, yttrium or cerium oxides led to stabilization of the cubic phase in the entire crystal's volume only for 9S1YbSZ and 10S1SZ. In the studied range of compositions, co-doping with cerium oxide did not give the opportunity to obtain a singlephase cubic solid solution.It should be noted that the stabilization of the cubic phase in crystals, co-doped with Yb 2 O 3 , occurs at a lower concentration of Sc 2 O 3 in the solid solution, than in crystals, co-doped with Y 2 O 3 . This may be due to the dependence of the mechanism for stabilizing the hightemperature phase on the type of stabilizing impurity. In ZrO 2 -R 2 O 3 binary systems, a decrease in the ionic radius reduces the transition temperature from the hightemperature cubic phase to the lowtemperature tetragonal phase and expands the region of existence of the cubic phase [22] , which leads to the preservation of the hightemperature cubic phase at room temperature with a lower concentration of stabilizing oxide. It is possible that this pattern is also valid for the studied triple systems, the data on which are currently very limited.
The phase composition of the grown crystals was also studied by the method of Raman scattering of light. The data on the phase composition obtained by the Raman spectroscopy method are in good agreement with the data obtained by the X-ray diffraction method. Raman spectra of the investigated crystals are presented in figure 2 . [23] . The Raman spectra of the 9Sc1YSZ and 9Sc1CeSZ crystals are similar to the spectrum characteristic of the tetragonal structure, but the lines are substantially broadened, which may be due to the presence in these crystals of the second phasecubic -except the tetragonal phase. The Raman spectra of 10ScSZ, 10Sc1YbSZ and 10Sc1CeSZ crystals contain lines corresponding to the rhombohedral phase [23] , which are substantially broadened, which may be due to the presence in these crystals of the second phasecubic.
Fig.3. Temperature dependences of the specific conductivity of crystals
The spectra of cubic crystals 9Sс1YbSZ, 10Sс1YSZ are similar to each other and contain peaks corresponding to cubic phase [23] [24] . The spectra of these crystals also contain a peak located at ~480 cm -1 , which the authors of a number of studies [24] [25] [26] attributed to the t‖-phase. The t‖-phase is characterized by the axial ratio c/a = 1 and a small displacement of oxygen ions along the c-axis, which leads to a tetragonal symmetry (space group of P4 2 /nmc). The t‖-phase is observed in arc-melted ZrO 2 -Y 2 O 3 samples [24] , thermal barrier coatings [27] and films of solid electrolytes [28] . Figure 3 in the Arrhenius coordinates shows the temperature dependences of the specific conductivity of the crystals under study.
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On the graph of the temperature dependence of the specific electrical conductivity of 10ScSZ, 10Sc1YbSZ and 10Sc1CeSZ crystals in the temperature range of 450-600°C, a break is observed due to the phase transition of the rhombohedral phase to the cubic one. The break in the temperature dependence of the conductivity of 10ScSZ crystals occurs at higher temperatures than in samples 10Sc1YbSZ and 10Sc1CeSZ. This indicates that the introduction of 1 mol% of Yb 2 O 3 or CeO 2 in 10ScSZ crystals shifts the range of existence of the rhombohedral phase towards lower temperatures. Figure 4 shows the dependence of the specific electrical conductivity of crystals at a temperature of 900°C, depending on the content of Sc 2 O 3 .
As follows from figure 4 , the increase in the content of Sc 2 O 3 in the composition of crystals, co-doped with Y 2 O 3 , Yb 2 O 3 , and CeO 2 , basically leads to an increase in the conductivity of the crystals. For crystals codoped with 1 mol% of Yb 2 O 3 , the concentration dependence has a maximum when the content of scandium oxide is 9 mol%. In the case of co-doping with 1 mol% of Y 2 O 3 , a noticeable increase in conductivity is observed only at a content of 10 mol% Sc 2 O 3 . In crystals co-dopedby 1 mol% of CeO 2 , the conductivity of crystals monotonously increases with increasing Sc 2 O 3 content. The introduction of 1 mol% of codoping oxide into 8ScSZ changes the conductivity of crystals in a narrow range of values from 0.08 to 0.10 S/cm, which is associated with the phase composition of the crystals, which practically does not change with the introduction of 1 mol% of the codoping impurity and consists mainly from the tetragonal phase. Crystals of 9ScSZ, 9Sc1YSZ, in which the tetragonal phase also dominates, have similar conductivity values. Thus, the conductivities of co-doped tetragonal crystals at a temperature of 900°С are close and equal to about 0.1 S/cm. The introduction of 1 mol% of a codoping oxide into the 9ScSZ crystals leads to an increase in the crystal'sconductivity but depends on the type of the co-doping oxide. So the conductivity of 9Sc1YSZ crystals is almost comparable to the conductivity of 9ScSZ. The introduction of 1 mol% of CeO 2 in the composition of 9ScSZ crystals leads to an increase in conductivity and the conductivity of 9Sc1CeSZ crystals is approximately 1.5 times higher than the conductivity of 9ScSZ crystals at a temperature of 900°C. The introduction of 1 mol% Yb 2 O 3 in the composition of 9ScSZ crystals leads to the most significant changes in the crystal's conductivity.
Single-phase pseudo-cubic crystals 9Sc1YbSZ have the maximum conductivity value (0.214 S/cm) among the CHEMICAL PROBLEMS 2019 no. 2 (17) doped crystals in the studied range of compositions.
The introduction of 1 mol% co-doping oxide into the composition of 10ScSZ solid solutions leads to a decrease in the conductivity of the crystals. The conductivity values of two-phase crystals containing a mixture of cubic and rhombohedral phases (10ScSZ, 10Sc1CeSZ, and 10Sc1YbSZ) at a temperature of 900°С are close and equal to ~0.2 S/cm. The introduction of 1 mol% Y 2 O 3 in the composition of 10ScSZ crystals leads to a noticeable decrease in the crystal's conductivity, despite the fact that the 10Sc1YSZ crystals are single-phase pseudocubic (t‖-phase).
The conductivity of 10Sc1YSZ crystals is less than the conductivity of 9Sc1YbSZ crystals with a similar crystal structure. Such a difference in the conductivity values can be associated with a large Y 3+ ionic radius compared to Yb 3+ (R Y3+ = 1.019 and R Yb3+ = 0.985) and a larger difference with the sizes of the ionic radii of zirconium and scandium (R Zr4+ = 0.84; R Sc3+ = 0.87). The introduction of a larger ion in the heterovalent substitution leads to an increase in the lattice stresses, which reduce the conductivity. In addition, crystals 10Sc1YSZ and 9Sc1YbSZ differ in the total concentration of stabilizing oxides (11 and 10 mol%, respectively). An increase in the total concentration of stabilizing oxides above a certain threshold value, which depends on the type of stabilizing impurity, leads to a decrease in conductivity due to the formation of oxygen-ion clusters [29] .
It should be noted that the magnitude of the conductivity of 9Sc1YbSZ crystals at a temperature of 900°C is comparable to the same value of 10ScSZ crystals. However, unlike the 10ScSZ crystal containing the rhombohedral phase, the 9Sc1YbSZ sample is a single-phase pseudo-cubic.
Conclusions
Crystals of solid solutions (ZrO 2 ) 1x (Sc 2 O 3 ) x (x = 0.08-0.10) doped with 1 mol% Y 2 O 3 , Yb 2 O 3 and CeO 2 were grown by the method of directional crystallization in a cold container. It was shown that homogeneous transparent single crystals were obtained only for the compositions 9Sc1YbSZ and 10Sc1YSZ. It has been detected that stabilization of the cubic phase in crystals codoped with Yb 2 O 3 occurs at a lower concentration of Sc2O3 in the solid solution than in crystals soldered with Y 2 O 3 . Co-doping with cerium oxide did not give the opportunity to obtain a single-phase cubic solid solution.
It is shown that the conductivity of crystals depends on the content of Sc 2 O 3 in solid solutions. So, the introduction of 1 mol% of a co-doping oxide into the composition of (ZrO 2 ) 0.91 (Sc 2 O 3 ) 0.09 crystals mainly results in an increase in conductivity. And the introduction of 1 mol% of a co-doping oxide into the composition of (ZrO 2 ) 0.9 (Sc 2 O 3 ) 0.1 crystals reduces the crystal's conductivity.
It is shown that the conductivity values of tetragonal crystals at a temperature of 900°С are close and equal to about 0.1 S/cm. From the investigated range of compositions, 9Sc1YbSZ crystals have the maximum conductivity in the entire temperature range, conductivity is comparable to the same value for 10ScSZ crystals.
Comparison of various co-doping oxides introduced into (ZrO 2 ) 1-x (Sc 2 O 3 ) x (x = 0.08 -0.10) solid solutions to obtain a solid electrolyte with a cubic structure and maximum conductivity in the range of working temperatures of intermediatetemperature SOFC showed that the most promising is the use of as ytterbium oxide dopant. The 10ScSZ crystals have the maximum conductivity, but along with the cubic phase, there is a rhombohedral phase, which leads to the instability of the solid solution at elevated temperatures and degradation of its electrophysical characteristics during long-term operation. 9Sc1YbSZ single-phase crystals possess not only greater phase stability due to the absence of the second phase in them, but doping with ytterbium oxide does not reduce the electrical conductivity, which is comparable to the conductivity of 10ScSZ crystals.
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